We have measured the line centers and pressure-induced shift and broadening of 25 lines in the 2 3 rotationalvibrational band of hydrogen cyanide H 13 C 14 N. These lines can be used as wavelength references in the optical fiber communication wavelength division multiplexing C-band (approximately 1530-1565 nm). We find that the pressure shift varies with line number from +0.09 pm/ kPa to −0.15 pm/ kPa (approximately −1.5 to +2.5 MHz/ Torr). The pressure broadening also varies with line number and is typically between 1 and 5.4 pm/ kPa ͑17-90 MHz/ Torr͒. We determined the line centers of 21 lines with an expanded uncertainty ͑2͒ of 0.01 pm ͑Ϸ1 MHz͒, an improvement of more than 1 order of magnitude over previous line center measurements of this band. We also calculate the molecular constants for the band, yielding improved determination of the band origin frequency and the excited-state molecular constants.
INTRODUCTION
Wavelength division multiplexing (WDM) in optical fiber communication systems increases bandwidth by use of many wavelength channels. Current WDM systems typically employ 50 or 100 GHz channel spacing (0.4 or 0.8 nm, respectively) in the 1530-1565 nm WDM C-band. WDM will likely expand into the L-band region (approximately 1565-1625 nm), and WDM may be implemented in shorter-wavelength regions as well. Wavelength references are needed in these regions to calibrate instruments that are used to characterize components and monitor the wavelengths of the channels. In addition, optical fiber sensors based on the wavelength shift of fiber Bragg grating reflection peaks require wavelength calibration; some of these systems need wavelength calibration references with better than 1 pm uncertainty. These sensor systems typically operate in the optical fiber communication regions, particularly the WDM C-band, where components and measurement equipment are readily available.
Fundamental atomic or molecular absorptions provide wavelength references that are stable under changing environmental conditions such as temperature and pressure variations or the presence of electromagnetic fields. The National Institute of Standards and Technology (NIST) has developed wavelength calibration transfer standards in the 1510-1630 nm region based on acetylene, 1,2 hydrogen cyanide, 3 and carbon monoxide. 4, 5 The hydrogen cyanide H . 6 Since we would like to certify our SRM to comparable or higher accuracy than this, we require improved accuracy on the line center values.
For a wavelength reference, the stability of the wavelength of each absorption line is a critical characteristic. The largest potential source of line shift is the energylevel shift caused by the interaction of the molecules during elastic collisions. 7 Commonly called the pressure shift, this shift depends linearly on the collision frequency. It is often desirable to use an intermediate or high-pressure sample for wavelength calibration of instruments, to pressure broaden the lines, and to match the reference bandwidth to the instrument resolution. This results in the strongest signals for a given resolution bandwidth. The hydrogen cyanide SRM will be at a pressure of 3.3 kPa (25 Torr). Thus we also need accurate measurements of the pressure shift of each line to determine the SRM wavelengths.
We measured the line centers, pressure shifts, and pressure broadening of 25 lines in the 2 3 rotationalvibrational band of hydrogen cyanide H 13 C 14 N. We also extrapolated these line centers to zero pressure and compared those values with the literature values. Finally, we determined the molecular constants for the band. We describe our measurement procedure in Section 2 and summarize the results in Section 3. Conclusions are presented in Section 4.
MEASUREMENT DESCRIPTION AND DATA ANALYSIS
A schematic diagram of our measurement apparatus is shown in Fig. 2 . Light from a tunable diode laser is filtered using a fiber Fabry-Perot filter and is typically sent through two absorption cells simultaneously; the trans-mission through each cell is monitored by detectors. One cell contained H 13 C 14 N gas at a relatively low pressure of Ϸ0.13 kPa (1 Torr), and the other contained a higher pressure of either 3.3 kPa (25 Torr) or 6.0 kPa (45 Torr). A third detector monitored the laser power, and a wavelength meter measured the laser's vacuum wavelength with a standard uncertainty ͑1͒ of Ϸ2.5 parts in 10 9 (0.5 MHz or 0.004 pm at 1560 nm). A computer controlled the laser wavelength scan and recorded the readings of the three detectors and wavelength meter.
The fused-silica absorption cells are 15 cm long, with windows attached to the cells by a glass frit method. To prevent interference fringes in the transmitted signal, the windows are mounted at an angle of 11°and are also wedged by Ϸ2°. The cells were first evacuated and leak checked and were then filled with isotopically pure gas. The H 13 C 14 N gas was produced by reducing 99% isotopically pure potassium cyanide with stearic acid under vacuum and mild heat (approximately 80°C). The reaction generates H 13 C 14 N gas, a small amount of other isotopic species of hydrogen cyanide (HCN), traces of H 2 O and CO 2 from decomposition of the stearic acid, and other reaction products that remain solid under vacuum. The gas sample was transferred from the reaction flask into a separate, previously evacuated flask. The trace of CO 2 gas was removed by freezing this flask in a dry ice bath, then opening the flask to a vacuum pump that pumps the CO 2 away from the frozen HCN. The HCN sample was then transferred to a flask containing phosphorous pentoxide desiccant that removes the trace of H 2 O. The HCN sample is stored in this flask until ready for use; any traces of air that migrate into the flask through the valve are removed immediately prior to use by freezing the flask in liquid nitrogen and pumping away any remaining gases. During the fill process the pressure in the fill manifold (and hence the cell) was monitored with a capacitance manometer. The higher-pressure cells were prepared under our direction by an outside vendor; these were tipped off at the stem using a torch, forming an all-glass seal. The low-pressure cell was prepared in-house to allow further control of the gas sample purity; this cell was sealed using a glass valve with O-ring seals. Figure 3 shows spectra of line P16 obtained at 0.9 and 3.3 kPa HCN pressure. The pressure broadening in the higher-pressure spectrum is obvious, and a small shift in the center wavelength is apparent. The measured quantity, the transmitted laser power I T , is related to the absorption coefficient ␣ and the absorption path length L by
where I 0 is the incident laser power. We first divided the cell transmission curves by the laser power monitor signal to remove common-mode intensity variations and normalized the data. We then took the natural logarithm to obtain the absorbance ␣L. Individual lines were then fitted to Voigt profiles 7 using an orthogonal distance regression algorithm. 8 With the orthogonal distance regression, called either error-invariables or total-least-squares regression, we obtain the model parameters by minimizing the sum of squares of the orthogonal distances from the model to the data points. The fitting program was able to account for a background slope and uncertainties in both x (wavelength) and y (transmitted laser power). A Voigt profile is a convolution of Lorentzian and Gaussian profiles; it results when there is a combination of Gaussian broadening (resulting from Doppler broadening, for example) and Lorentzian line shape (resulting from the natural linewidth or pressure broadening, for example). In our situation, the natural linewidth is small (typically Ͻ2 MHz for molecular absorption lines in this region 9 ) compared with the Gaussian Doppler broadening ͑Ϸ450 MHz͒ and the Lorentzian pressure broadening. The pressure-broadened Short-term statistical variation of the wavelength meter reading and the laser power transmitted through the absorption cells added noise to the data scans. To determine this statistical variation of the wavelength measurement, we repeatedly measured the laser's wavelength while it was stabilized to a 87 Rb transition (see Subsection 2.A). The statistical variation of repeated measurements yielded a Gaussian distribution with a standard deviation of 0.004 pm. We determined the experimental uncertainty in the normalized transmitted laser power (transmittance) by measuring the statistical variation of the data within a region of a line wing. The standard deviation of these fluctuations was typically between 5 ϫ 10 −5 and 1 ϫ 10 −4 . To account for the short-term statistical variation, each data point of a scan was assigned a standard uncertainty of 0.004 pm for the wavelength and a fractional uncertainty of 1 ϫ 10 −4 for the transmittance. The fitting program determined the line centers and the Lorentzian component of the linewidths and the corresponding uncertainties. The resultant line-center-fit standard uncertainties were typically 0.003 pm.
To accurately determine the cells' pressures and monitor them over the course of the measurements, we generated a plot of the Lorentzian component of the linewidth (derived from the Voigt line fit) versus pressure for line P16. This allowed us to later determine a cell's pressure at any time by measuring the width of line P16 and comparing it with the plot. We mounted a cell in our pressure shift measurement apparatus and attached it to our fill manifold with a copper tube, which allowed us to monitor the cell pressure using the capacitance manometer while we measured the linewidth and line center. We conducted these measurements on line P16 for several pressures between 0.13 kPa (1 Torr) and 13 kPa (100 Torr). Figure 4 (a) is a plot of the full width at half-maximum (FWHM) of the Lorentzian component of line P16 versus pressure. As can be seen, the Lorentzian component of the width (pressure broadening) has a linear dependence on pressure for pressures higher than Ϸ0.5 kPa. The deviation from this linear dependence at low pressure is likely due to collisional narrowing arising from velocity averaging. This effect is negligible at higher pressures, where pressure broadening dominates, but can cause the line shape to deviate from the expected Voigt profile at low pressures. 10 A linear least-squares fit to the higher-pressure data is also shown on the plot. Figure 4 (b) shows the line center wavelength shift versus pressure for the same line and the corresponding linear least-squares fit; as can be seen from this plot, the pressure shift is linearly dependent on pressure. On the basis of our calibration of linewidth versus pressure for line P16, the pressures for the medium-and high-pressure cells used in the subsequent shift measurements were 3.36± 0.02 kPa ͑25.22± 0.13 Torr͒ and 5.91± 0.03 kPa ͑44.34± 0.22 Torr͒, respectively. The lowpressure cell, which was filled immediately prior to the measurements, showed an exponential decay in pressure from 0.133± 0.008 kPa ͑1.00± 0.06 Torr͒ to 0.106± 0.008 kPa ͑0.80± 0.06 Torr͒ over the nine-day duration of the measurements. This pressure change was likely due to adsorption of HCN on the cell surface; the pressure appeared to be approaching a steady-state value near 0.10 kPa. We did not observe any pressure change of the higher-pressure cells during the measurements. The pressure uncertainty quoted here is the expanded uncertainty obtained by applying a coverage factor of k = 2 (i.e., our quoted uncertainty is ±2).
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In Subsections 2.A and 2.B we discuss the aspects that contributed to our measurement uncertainty for the line center, pressure shift, and pressure-broadening measurements.
A. Wavelength Meter Uncertainty
We used a NIST-built wavelength meter that has a wavelength measurement standard deviation of 2.5 parts in 10 9 (equivalently, 0.004 pm, or 0.5 MHz at 1560 nm). We set up a high-accuracy wavelength reference to test the wavelength meter accuracy and statistical variation. 3 Diode laser light at 1560.5 nm is amplified with an erbium- Rb d / f crossover transition was measured with an uncertainty of 5.5 kHz. 13 We verified the accuracy of our stabilized laser by measuring its frequency with a stabilized frequency comb referenced simultaneously to the NIST calcium optical frequency standard and a hydrogen maser that was calibrated by the Cs clock. 14 
B. Background Variation
A slope or a variation in the background level can shift the apparent center of a line, particularly for the wide lines of the high-pressure cells. Interference fringes due to reflected laser light, wavelength dependence of the optical components, beam-pointing stability, and variations in the laser power can cause background variation. As mentioned above, we removed common-mode laser power variations by dividing the cell transmittance data by the power monitor data. To avoid effects due to the wavelength dependence of optical fiber couplers (splitters), we used free-space beam splitters to send the laser light to the cells and the power monitor. We minimized interference effects by using wedged cell windows and beam splitters, windowless detectors, and two optical isolators. These precautions reduced the background variation from these sources to a negligible level.
Wings of nearby absorption lines can also skew the shape of the line being measured and shift its apparent center. In addition to the strong lines of the 2 3 band, there are a number of weak lines throughout the spectrum that are due to hot bands (transitions that are not out of the ground vibrational state). 6 We also observed a number of weak H We then fitted the modeled line, both with and without the adjacent simulated weak line, using the same fitting routine we used to fit the measured lines. In both the data fitting and the simulation we limited the range of data being fit to the central portion of the line, clipping away any data with amplitude less than 35% of a line's maximum amplitude. Any weak lines outside of this data range were found to have a negligible effect on the simulated line centers; slopes in the fitted data caused by the wings of adjacent weak lines were accounted for by our fitting routine. Of all the lines we measured, only lines R7, R8, and P20 had adjacent weak lines with line centers within the fitted data; therefore we conclude that we can limit our detailed investigation to these lines. The line center difference given by the simulation's results with and without the weak line gives us an estimate of the line center shift caused by the adjacent weak line. The model showed negligible effects (shifts of less than 0.001 pm) of adjacent weak lines on the 0.13 kPa (1 Torr) line centers. Observation of the spectra verified this; the weak lines were clearly separated from the measured lines. The model revealed shifts of up to 0.005 pm for the 3.3 kPa (25 Torr) cell and up to 0.012 pm for the 6 kPa (45 Torr) cell. Extrapolating the modeled line centers to zero pressure revealed shifts as large as 0.004 pm for these lines.
PRESSURE SHIFT, LINE CENTER, AND PRESSURE-BROADENING RESULTS
The line center fit standard uncertainties for the 25 lines at three pressures were typically 0.003 pm. To obtain the unperturbed line center values, we extrapolated the line centers to zero pressure using a linear least-squares fitting procedure. We also derived the pressure shift coefficient (change in line center wavelength versus pressure) from this fit. The pressure-broadening coefficient for each line was determined by a linear least-squares fit to the Lorentzian component of the linewidth. We determined the uncertainties in these fit parameters using a Monte Carlo procedure whereby multiple least-squares fits to the data were performed within the boundaries of the data point uncertainties. The uncertainty in the respective fit parameters dominated the uncertainty of our pres-sure shift and pressure-broadening determinations. Our zero-pressure line center uncertainty had an additional component due to the wavelength measurement standard uncertainty of 0.004 pm. We combined the wavelength measurement uncertainty with the fit uncertainty using the root-sum-of-squares method to obtain the total uncertainty for the line centers. This analysis resulted in larger uncertainty for the lines identified in Section 2 as having adjacent weak lines (R7, R8, and P20); since the resultant uncertainty for these lines is consistent with our modeling results, we did not add any additional uncertainty due to adjacent lines. Temperature changes affect the collision frequency of molecules in the cell and therefore slightly modify the pressure shift. 1, 7 This effect would cause only a 0.2% change of the pressure shift for a 1°C temperature change. 1 Since the collisional cross section may also have a small temperature dependence (due to small changes of population in the rotational levels, for example), we measured the temperature dependence of line P16 and verified that the fractional change of the pressure shift and broadening is small ͑ഛ0.3% /°C͒. We would not expect this temperature dependence to be significantly different for other lines of the spectrum. For the measurements reported here, the temperature was 22°± 2°C. This temperature range would have a negligible effect on our pressure shift, broadening, and zero-pressure line center determinations compared with the other sources of uncertainty. Table 1 summarizes our line center, pressure shift, and pressure-broadening results. Figure 5 shows the pressure shift versus line number. We find that the pressure shift varies considerably with (2) 19 (4) a Results are for the measured lines of the 2 3 band of hydrogen cyanide H 13 C 14 N at a temperature of 22°± 2°C. The line center vacuum wavelength results are for lowpressure conditions; our measurements ͑column 2͒ are values obtained by extrapolating the line center to zero pressure. The broadening coefficient is the pressure dependence of the FWHM of the Lorentzian component of the Voigt line profile. The uncertainties in the final digits of the values are indicated in parentheses. The uncertainties quoted are the expanded uncertainties obtained by applying a coverage factor k =2 ͑i.e., our quoted uncertainty is ±2͒. line number, from approximately +0.09 pm/ kPa to −0.15 pm/ kPa (approximately −1.5 to +2.5 MHz/ Torr). We found that the pressure broadening also varied with line number (Fig. 6) . The pressure broadening was largest for the stronger lines in each branch (R7, R8, P9, and P10) and is significantly smaller for lines far from the band center (transitions between states with high rotational quantum numbers). Table 2 compares our determinations of the zeropressure line center values with the values reported in Ref. 6 . Our standard uncertainty ͑1͒ is typically near 0.005 pm, whereas the estimated uncertainty given in Ref. 6 is 5ϫ 10 −4 cm −1 (0.12 pm). With the exception of a deviation in the short-wavelength region (particularly lines R21 and R23), the results are in good agreement.
We were able to obtain molecular constants for the ground and excited states and determine zero-pressure line center values for other lines in the band by fitting our line center data (converted to cm −1 ) with the following function:
The index m = J + 1 for the R branch, and m =−J for the P branch, where J is the ground-state rotational quantum number; ⌬T m is the mth line center wavenumber and ⌬T is the wavenumber of the pure vibrational transition (band origin). The molecular constants BЈ and BЉ are the excited-and ground-state rotational constants, respectively; and DЈ, DЉ, HЈ, and HЉ are the corresponding centrifugal distortion constants. 9,15 Figure 7 shows the fit to the data and the residuals. The reduced residual-sum-ofsquares ͑ 2 ͒ value for the fit is 0.5, which suggests that we overestimated our uncertainties. Table 3 shows the molecular constants returned by the fit, as well as a comparison of our results with those of Refs. 6 and 16. The line centers of lines R0-R27 and P1-P28, calculated from the molecular constants, are listed in Table 4 .
Comparison of our results with those of Ref. 16 shows agreement to within our 1 uncertainties for the groundstate constants (BЉ, DЉ, and HЉ). Our results also agree well with those reported in Ref. 6 N and used lower-accuracy measurements for the remainder of the band in their determination of the molecular constants. As can be seen in Table 2 , our line center values are in excellent agreement with those of Ref. 6 for lines with high J values in the P branch, but the agreement progressively deteriorates for lines that are further away from this region.
DISCUSSION
We have measured the line centers, pressure shift coefficients, and pressure-broadening coefficients for 25 lines of the 2 3 rotational-vibrational band of hydrogen cyanide H a Line centers between R27 and P28 are calculated from the molecular constants returned by the fit to Eq ͑2͒. The uncertainties in the final digit of the values are indicated in parentheses. The uncertainties are combined expanded uncertainties ͑2͒ that include our wavelength uncertainty ͑8 ϫ 10 −6 nm͒ and the molecular constants fit uncertainty ͑typi-cally 2 ϫ 10 −6 nm͒.
number and is typically between 1 and 5.4 pm/ kPa ͑17-90 MHz/ Torr͒; the broadening was largest on the stronger lines of each branch. We determined the line centers of the majority of these lines with an expanded uncertainty ͑2͒ of 0.01 pm ͑Ϸ1 MHz͒, an improvement by more than an order of magnitude over previous line center measurements of this band. We also determined the ground-and excited-state molecular constants for the band, yielding improved results for the band origin and excited-state molecular constants.
Our pressure shift and broadening measurements of H 13 C 14 N show significantly different trends compared with our results for acetylene 1 and carbon monoxide. 4 This is not surprising since HCN is a strongly polar molecule and hence long-range dipole-dipole interactions dominate the collisional process. The Boltzmann-like distribution of the broadening coefficients has been noted in previous work. 17 The authors in Ref. 17 conclude that rotationally resonant dipole collisions, where one molecule goes from J to J + 1 and the other from J +1 to J, have large cross sections in HCN and dominate the pressure broadening. The strong asymmetry of the pressure shift between the R and P branches and changes in sign that we observe here have also been observed in hydrogen fluoride and are analyzed in Ref. 18 in the framework of the impact approximation with an expansion of the S matrix to second order with respect to the intermolecular potential energy. The authors conclude that the sign of the shift depends on whether the first-or second-order term dominates.
